Objective: Cancer recurrence is a primary concern for patients with differentiated thyroid cancer; however, population-level data on recurrent or persistent disease do not currently exist. The objective of this study was to determine treated recurrent or persistent thyroid cancer by using a population-based registry, identify correlates of poor treatment-free survival, and define prognostic groups for treatment-free survival.
worry. We hypothesized that treatment-free survival in patients with differentiated thyroid cancer would vary greatly, allowing us to identify distinct prognostic groups. In this population-based study evaluating patients with differentiated thyroid cancer affiliated with SEER-Medicare, we obtained details on additional neck surgery, use of radioactive iodine, and use of radiation at $1 years after diagnosis to determine treated recurrence, identify correlates of poor treatment-free survival, and define prognostic groups for treatmentfree survival.
Methods
Data source and study population SEER-Medicare is a linkage of SEER data to Medicare claims. SEER is the primary source for cancer statistics in the United States, and it represents~28% of the US population (14) . Medicare represents~15% of the US population, including most people $65 years old (15) . The SEER program of cancer registries includes clinical and demographic details in addition to cause of death for patients with cancer. Medicare includes claims for covered health services. The linkage of these two data sets allows assessment of long-term cancer care in a populationbased cohort (16) .
Data from 43,813 patients with a diagnosis of differentiated thyroid cancer (papillary, follicular, Hürthle cell) between 1998 and 2012 were queried from SEER-Medicare. We evaluated patient enrollment in Medicare Part A and B, non-health maintenance organization (HMO), for the month before diagnosis, month of diagnosis, and 12 months after diagnosis. We did not include patients enrolled in Medicare who were also enrolled in HMOs because some of their care may not be captured by Medicare. To increase the likelihood that treatment of recurrent or persistent disease would be captured by the registry, only patients enrolled for $11 of the 14 months evaluated were included (N = 16,054). To avoid capturing treatment of another cancer, we excluded patients who also had a diagnosis of a nonthyroid malignancy (N = 11,336). Because we were evaluating treatment of thyroid cancer recurrence, only the patients who had an initial thyroid surgery recorded in both SEER and Medicare were selected for final analysis (N = 9273).
Institutional review board approval was not required Because this study involves research using publicly available data and cannot be tracked to human subjects.
Measures
Patient age at diagnosis was analyzed as a continuous variable. Patient race was categorized as white, black, and "other." Because of the small sample size, Asian, American Indian/Alaska Native, Native Hawaiian, and Pacific Islander were grouped into the "other" category. The percentages of patients $25 years old with a high school diploma only and household income were categorized based on household zip code at the time of diagnosis, matched to the 2000 Census data and the American Community Survey 2008 to 2012. Tumor characteristics included stage, histology, and tumor size. Stage was based on SEER stage, with localized including tumors confined to the thyroid or extending into the capsule but not beyond. Regional included direct extension into blood vessels, nerves, muscles, thyroid cartilage, and so on, and tumors described as "fixed to adjacent tissues." It also included regional lymph node involvement. Distant included distant lymph nodes and extension to bone, mediastinal tissues, and so on (3). Histology was restricted to International Classification of Diseases for Oncology classification codes for papillary, follicular, or Hürthle cell cancer (16) . Tumor size was categorized based on categories previously defined by American Joint Committee on Cancer TNM staging: #1 cm, .1 cm and #2 cm, .2 cm and #4 cm, and .4 cm (17) . Initial treatment characteristics included type of surgery, lymph node resection, receipt of radioactive iodine, and receipt of radiation. Surgery was categorized as lobectomy, which involves resection of one lobe of the thyroid, or total thyroidectomy, which includes resection of the entire thyroid or near-total thyroidectomy. Lymph node resection was classified as not resected or resected and negative for lymph node metastases or resected and positive for lymph node metastases. Receipt of radioactive iodine and receipt of radiation were dichotomized into yes or no.
Previous work found that delaying risk stratification until 8 to 12 months after initial treatment improves the predictive value of risk stratification (12) . Because additional treatment in the first year after diagnosis may be secondary to incomplete initial treatment and may vary based on treating physician, in this study treated recurrence was defined as additional treatment $1 year after diagnosis. This additional treatment included surgery to resect lymph nodes in the neck, receipt of radioactive iodine, or receipt of radiation. Treatment-free survival was defined as the time interval from diagnosis to treatment of recurrent or persistent disease or to time of censoring. Disease-specific survival was defined as the time interval from diagnosis to death from thyroid cancer or time of censoring.
Statistical analysis
Survival tree analysis was used to construct distinct prognostic groups, such that within each group patients have similar treatment-free survival, but treatment-free survival differs between groups (17) (18) (19) . In the tree paradigm, the covariate space is partitioned recursively in a binary fashion. The partitioning is intended to increase within-group homogeneity. For the treatment-free survival endpoint (censored), within-group homogeneity was measured via deviance based on a proportional hazards model (20) . The two groups were recursively partitioned (each group being split on the same or other variables), creating a tree structure. At each step, to select the best split the tree-growing paradigm examined every possible cutoff point for each prognostic variable. This process was continued until the groups reached a minimum size (,10 patients in each group). Because the resulting tree was overgrown (thereby overfitting the data), a subtree was chosen via cost complexity pruning (20) (21) (22) . The final tree contained "terminal" groups with similar treatment-free survival. Five-and 10-year treatment-free survival rates were calculated as summary measures for each terminal group. Although this method ensures that left and right terminal groups from the same parent are significantly different in terms of treatment-free survival, it is possible that terminal groups from distinct parents may have similar treatment-free survival. Therefore, further amalgamation of terminal groups with similar treatment-free survival was performed. For amalgamation, we first ordered the terminal groups based on hazard ratio of a terminal group relative to the leftmost terminal group of the final tree. The monotone ordering was then coded as a single ordered covariate, and the survival tree algorithm was used again to form the final prognostic groups (22) .
Next, we performed random survival forest analyses of our data (17, 23, 24) . A random survival forest is an ensemble of unpruned survival trees, induced from bootstrap samples of the data, with random feature selection used in the tree induction process. At each step of the splitting process, instead of evaluating all allowable splits on all variables, as is done when growing a single tree, a subset of the covariates is drawn at random. We grew 1000 trees in the forest with the treatmentfree survival endpoint. Predictions for each patient were obtained by averaging the predictions across all trees in the forest. Furthermore, a byproduct of the forest is a ranking of variables in terms of their relative importance in the forest.
We also performed Cox proportional hazards regression analyses on this patient cohort with the same variables used in the tree and forest analyses.
Finally, to address potential confounding by indication with respect to radioactive iodine use, we performed a propensity scores-based analysis. The propensity scores were estimated as the conditional probability of receiving radioactive iodine based on a multivariable logistic regression model of radioactive iodine use (binary), with age, sex, race, education, income, SEER stage at diagnosis, histology, tumor size, initial surgery, lymph nodes resected, and receipt of radiation used as covariates. These scores were rank-ordered and grouped into quartiles. Subsequently, the propensity score quartiles were used in the Cox model, tree, and random forest analyses as an additional covariate.
Prediction accuracy for the Cox model, tree, and random forest were assessed with a generalized version of the C-statistic for censored outcomes (25) . To safeguard against getting overly optimistic results by using the same data to build and test the models, we used out-of-bag predictions for obtaining the accuracy estimates (17, 25) .
All analyses were performed in R (R Foundation for Statistical Computing) and SAS (SAS Institute Inc.) (26, 27) . Specifically, for growing the survival tree and random survival forest, we used rpart and randomForestSRC packages in R, respectively (24, (28) (29) (30) .
Results
Median follow-up was 6.4 years. A total of 1332 (14.4%) of the patients underwent treatment of recurrent or persistent disease at $1 year after diagnosis. Some patients received more than one treatment and more than one type of treatment. At $1 year after initial treatment, a total of 301 (3.3%) patients received additional neck surgery, 978 (10.6%) received treatment with radioactive iodine, and 435 (4.7%) received radiation treatment. .4 cm AHR 2.11; 95% CI, 1.74 to 2.55) were significantly associated with worse treatment-free survival. Treatment characteristics including resection of positive lymph nodes (AHR 1.38; 95% CI, 1.14 to 1.67), receipt of radioactive iodine (AHR 1.47; 95% CI, 1.29 to 1.68), and receipt of radiation (AHR 1.68; 95% CI, 1.33 to 2.12) also were significantly associated with worse treatment-free survival. Results from the propensity score-based analyses were similar to those of the original analyses; therefore, we report only the latter. The generalized C-statistic for the Cox model was 72.4%. Figure 1 demonstrates the treatment-free survival tree with the 9273 patients from SEER-Medicare. At each level of the tree, we show the best splitter. Circles denote terminal groups in the tree. Within each terminal group, the first percentage denotes the 5-year treatment-free survival and the second percentage denotes the 10-year treatment-free survival. For each terminal group we also report the crude number of patients with treated recurrent or persistent disease and the total number of patients in the terminal group. The tree was initially split by stage (localized vs regional and distant). The localized group was subsequently split by tumor size (#1 cm and .1 cm). The group with regional or distant stage was further split into regional vs distant. Based on the amalgamation method described earlier, we ultimately defined five prognostic groups for treatment-free survival (P , 0.001). At lowest risk for treated recurrence is group 1 (blue), which includes patients with localized stage, tumor size #1 cm, and no receipt of radioactive iodine. Group 2 (orange) includes patients with localized stage, tumor size #1 cm, and receipt of radioactive iodine along with patients with localized stage, tumor size .1 cm, and female sex. Group 3 (green) includes patients with localized stage, tumor size .1 cm, and male sex in addition to patients with regional stage, tumor size #2 cm, lymph nodes not resected or lymph nodes resected and negative. Group 4 (yellow) includes patients with regional stage, tumor size #2 cm, and lymph nodes resected and positive along with patients with regional stage and tumor size .2 cm. Group 5 (red) has the highest risk of treated recurrence and includes all patients with distant disease. The generalized C-statistic for the tree was 88.7%. Figure 2 illustrates the relative importance of each of the patient, tumor, and treatment variables for predicting treatment-free survival based on the random forest analysis. Stage was most important in predicting treatmentfree survival, followed by tumor size and receipt of radioactive iodine. Table 2 lists the five prognostic groups and their respective 5-year and 10-year treatment-free survival along with their 5-year and 10-year disease-specific survival rates. The 5-year treatment-free survival rates of groups 1 to 5 were 96%, 91%, 85%, 72%, and 52%, respectively, and the 10-year treatment-free survival rates were 94%, 87%, 80%, 64%, and 39% (P , 0.001). The 5-year disease-specific survival rates were 100%, 99%, 99%, 95%, 76%, respectively, and the 10-year disease-specific survival rates were 99%, 98%, 96%, 89%, and 59%. Although treatment-free survival decreases incrementally with progression of the prognostic groups, the patients in 
Discussion
This study determined treated recurrent or persistent disease by using data from a population-based registry, identified correlates of poor treatment-free survival, and defined prognostic groups for treatment-free survival in patients with a diagnosis of differentiated thyroid cancer.
Five distinct prognostic groups for treatment-free survival were identified, with stage, tumor size, and receipt of radioactive iodine emerging as important correlates of treatment-free survival.
In the past, studies on thyroid cancer recurrence were performed at the single-or multi-institution level (3, (11) (12) (13) (31) (32) (33) (34) (35) . In addition to defining risk groups, previous smaller studies found a relationship between positive lymph nodes, male sex, and likelihood of recurrence (31, 32, (36) (37) (38) . Although age is known to strongly correlate with risk of death from differentiated thyroid cancer, there are conflicting data on the relationship between age and risk of recurrence (19, 31, 33, 34) . Strengths of previous single-and multi-institution studies include their ability to include tumor characteristics and biochemical markers not readily available in large national cancer registries and the relative homogeneity of their treatment protocols (3, (11) (12) (13) . Limitations include small sample sizes, selection bias, and potential lack of applicability to the population at large.
Recurrent and persistent disease are not routinely captured by large national cancer registries such as SEER and the National Cancer Database (10). Our study uses Medicare claim data linked to a population-based cancer registry (SEER) to identify treatment of recurrent or persistent thyroid cancer. The results of our populationbased study using SEER-Medicare data complement the findings from previous single-and multi-institution studies but also differ secondary to our use of a population-based sample and our focus on recurrence necessitating an intervention.
In addition to using of claim data to identify treatment of thyroid cancer recurrence in a population-based cohort, our study also uses a method to naturally identify risk groups. Although our initial assessment was with Cox proportional hazards regression, which allowed us to define correlates of poor treatment-free survival, limitations of Cox proportional hazards regression are the need to determine interaction a priori and the inability to group patients into well-characterized risk groups in a natural way. The survival tree analysis partitions the cohort into risk groups that are most homogeneous within and most heterogeneous between with regard to the defined outcome (i.e., treatment-free survival in our context). Terminal groups characterized by different branches can then be regrouped based on similar outcomes, via a post hoc amalgamation process. In this study we identified five distinct prognostic groups for treatment-free survival. Previous recurrence risk classification systems have fewer risk groups (3, 31, 35) . Although some of the previously defined risk groups overlap with ours, unlike our study previous risk stratification systems do not separate patients with distant metastases into a separate "very high" risk group (3, 31, 35, 39) . However, our large cohort size and risk stratification method (i.e., tree analysis) allowed us to identify patients at very high risk of treated recurrent or persistent disease (group 5). We also evaluated the role of initial treatment and likelihood of treated recurrence. Receipt of radioactive iodine and radiation correlated significantly with worse treatment-free survival based on Cox proportional hazards regression, and after stage and tumor size, receipt of radioactive iodine was the third most important correlate of treated recurrent or persistent disease in the survival forest analysis. We used propensity score analysis, which can reduce confounding by indication due to measured variables. However, the persistent relationship between receipt of radioactive iodine and worse treatment-free survival after the addition of propensity score analysis is unlikely to be secondary to a causal relationship but instead may occur because receipt of radioactive iodine correlates with additional unmeasured variables that may also be associated with greater likelihood of treated recurrence. For example, it is plausible that a higher postoperative thyroglobulin, a variable not captured by this data set, would be associated with both greater likelihood of receiving radioactive iodine and greater likelihood of recurrence.
Interestingly, although treatment-free survival decreased sequentially within each recurrence risk group, disease-specific survival remained excellent with the exception of group 5, which included patients with distant metastases. The fact that there is not a one-to-one correlation between recurrent or persistent disease and mortality is an expected finding for physicians who treat patients with differentiated thyroid cancer, but the explanation for this discordance remains unclear. The marked difference between treatment-free survival and disease-specific survival in the majority of the prognostic groups could be secondary to the efficacy of treatments for recurrence, our ability to detect low-volume indolent recurrence that may not affect survival, or pathogenic differences in cancers, with some cancers at greater risk for progression that leads to death.
As in other studies using claim data, limitations of our study include risk for coding errors and reporting bias. However, to reduce the risk of reporting bias, we restricted the cohort to patients who were enrolled in Medicare Part A and B, non-HMO (~80% or more), during the first year after their thyroid cancer diagnosis. An additional limitation is the fact that adequacy of initial treatment, response to initial treatment, biochemical evidence of recurrence, and structural recurrence not necessitating an intervention cannot be captured through the use of Medicare data. SEERMedicare data can be used to identify treated recurrent or persistent disease, but recurrences that remain untreated will be missed (40) . However, defining recurrence as additional treatment at $1 year after diagnosis reduces the likelihood of identifying correlates of incomplete initial therapy and focuses instead on the recurrent or persistent disease that is most clinically relevant. With use of this data set, we also lacked the ability to reliably capture use of tyrosine kinase inhibitors, thus potentially missing some patients with progressive recurrent or persistent disease. In addition, when using SEER data to capture initial treatment, such as initial treatment with radioactive iodine, there is a risk of underascertainment if adjuvant therapy occurred outside the hospital setting. Finally, although this cohort includes patients as young as 21 years, the median patient age at time of diagnosis was 69 years. SEER-Medicare represents a largely older patient cohort, and this bias may reduce the applicability of the findings to younger patients. Previous work in other cancer types has found that compared with younger patients, patients $70 years old may be less likely to have their recurrence treated (40) . However, the potential limitations of using SEER-Medicare data are outweighed by the fact that this is a source of populationbased recurrence data in the United States. Recurrent or persistent disease is a primary concern for many patients with cancer but especially for patients with differentiated thyroid cancer because death from thyroid cancer is rare, but recurrent or persistent disease is common. The results of this study have implications for patients and their providers. Understanding populationbased data on treatment-free survival will allow improved decision making at time of initial treatment. Patients with characteristics associated with both excellent treatment-free survival and disease-specific survival may be candidates for less intensive treatment, which has a lower risk of treatment-related complications. Similarly, patients with characteristics associated with both excellent treatment-free survival and diseasespecific survival may be able to have their long-term surveillance transferred from specialists to primary care doctors sooner than those with characteristics associated with poor treatment-free survival. Because some patients with poor treatment-free survival still have excellent disease-specific survival, information on the prognostic groups for treatment-free survival and their corresponding disease-specific survival could be used to help reduce worry in many patients with recurrence. For patients with cancer, fear of recurrence can be associated with psychological distress, and treatment of recurrence can be associated with increased morbidity (4) (5) (6) (7) (8) . Understanding the risk of recurrent or persistent disease, correlates of poor treatment-free survival, and prognostic groups for treatment-free survival is key to improving treatment decision making, tailoring the intensity of long-term surveillance, and in some cases reassuring worried patients.
